Abstract: Long-term exposure to radio frequency waves can have adverse effects on human health. It may cause bad effects especially to elderly people, children, and patients with weak immune systems. On the other hand, visible light communication technologies that use a light-emitting diode (LED) light source and a photodetector to transmit and receive data through visible light have a severe demerit that the modulation and demodulation processes in the system can be complicated. This paper presents a low-cost wireless mobile indoor environment monitoring system with no additional complicated signal detecting device, except a mobile device and sensor modules. Temperature, humidity, and CO 2 concentration equivalent data are collected by sensor modules, and these data are modulated using frequency shift keying modulation. The modulated data are transmitted wirelessly by using a red-green-blue LED for transmitting multiple data concurrently. An Android application is developed to act as a light-signal receiver from multiple sensor modules. The image stream of the LED is captured and is processed locally in a mobile device. A single-receiver module with a camera image sensor can accept sensing data from six sensor modules simultaneously with a maximum transmission range up to 12 m and low error rate.
Introduction
In recent years, the demand for monitoring systems for various purposes in different fields has increased dramatically. To increase the efficiency of the workforce, wireless monitoring systems are implemented for achieving better monitoring performance with low cost, high reliability, and convenience [1] . Among the wireless monitoring systems, the indoor-environment monitoring system is one of the systems in high demand [2] - [4] . Indoor-environment (such as house, hospital, or office) monitoring is needed to guarantee a comfortable and healthy environment for the people living in it. This monitoring system is very important, especially for elderly people, children, and patients with weak immune systems. Air temperature, humidity, and CO 2 concentration level are the three important factors for a satisfactory indoor environment. Most of the researches on indoor environment monitoring systems have used a radio frequency (RF) wireless communication medium or a wired communication technique. However, long-term usage of RF communication for wireless data transmission may deteriorate human health and cause adverse biological effects in the human body. In addition, RF technology generates electromagnetic interference (EMI), which not only jeopardize the performance of the medical instruments in the hospital but also cause malfunction of medical devices implanted in patients [5] - [7] . Unfortunately, these negative facts result in a situation that is the opposite of the original concept behind the indoor environment monitoring, which is to generate a healthy environment. Visible light communication (VLC) technology is one of the wireless communication methods which can act as a substitute for the existing RF communication methods. The EMI-free and hazardless properties of VLC not only make VLC a better long term wireless communication technique for indoor environments but also support the possibility of implementing wireless communication in RF-sensitive areas [8] , [9] . Additionally, highly secure and low cost wireless communication can be achieved owing to the line-of-sight (LOS) transmission and utilization of the unlicensed visible light spectrum from 380 nm to 780 nm as the transmission medium in VLC. In normal VLC, the original data are transmitted by fast-switching light-emitting diodes (LEDs) at the modulation module, and the transmitted signal is received using photodetectors (PDs) at the demodulation module. Ultra-high speed PD-based VLC has been developed by the utilization of high response-speed Avalanche photodiodes (APDs) and the implementation of modulation schemes with high spectral efficiencies [10] - [13] . Ultra-high speed multichannel transmission has also been realized through the implementation of multiplexing techniques or multiple-inputmultiple-output (MIMO) technology [14] - [16] . However, the short transmission distances in these researches had limited their usability despite the ultra-high speed transmission. Use of lenses or laser diodes is proposed to overcome the data transmission distance limitation [17] . However, only minor improvement is achieved with external lenses, and high-power laser rays may be harmful to humans. Besides, the limited availability of high-speed PDs and the requirement of an external demodulation and signal-processing module have reduced the practicality and efficiency of the low cost application of VLC. Thus, the image sensor (IS) module, which consists of a two-dimensional (2-D) array of PDs, is proposed to be used as the receiver in the VLC system owing to the high availability and enhanced performance of IS compared to PD [18] , [19] . High-speed VLC transmission systems for distances less than 50 cm were developed using the complementary metal-oxide semiconductor (CMOS) IS of a camera with the rolling-shutter method [20] , [21] . The ability of the IS to spatially separate the signal sources also equips the VLC system with multi-transmission features. Single frame multi-transmission was successfully developed using a display device and a camera system [22] , [23] . Although high data rates are achieved in both methods, each has some drawbacks. The rolling shutter method has a limited transmission distance and high data loss rate. In the screen-to-camera-based method, a large size high cost transmitter is needed and high complexity compensation algorithms are required to compensate for the variations in the angle of the camera view. For remote sensing of environment, long range over 10 m and multiple sensing data transmissions are required. In our previous report, the mobile long range VLC was also reported using LEDs and built-in camera of mobile device [24] , [25] . This paper introduces a mobile environment monitoring system which utilizes an improved camera sensor-based VLC wireless transmission method in a practical indoor environment. The mobile remote monitoring system receives the sensing data from multiple locations in long range, and real-time transmission is implemented in the mobile monitoring system. Temperature, humidity, and CO 2 concentrations are received from various sensor modules at multiple locations simultaneously by using the camera and analyzed in the mobile device. An alert system can also be equip with the monitoring system which used for warning the user.
System Design and Implementation
The proposed mobile camera IS-based VLC environment monitoring system consists of multiple sensor modules with VLC transmitter for data sensing at multiple locations and an Android-based mobile device with a built-in camera. Fig. 1 illustrates the system architecture of the proposed system. Temperature, humidity, and CO 2 concentration are selected as the key parameters to be monitored in indoor for a healthy and comfortable environment for humans. The sensing data are collected from the sensors, processed by the sensor module, and modulated onto light beams. Redgreen-blue LED (RGB LED) which comprise of red, green, and blue elements within single housing is used as a light emitter to emit colored light beam. At the same time, the camera IS module of a mobile device is used to capture the signals from the transmitters. An Android application is developed for image processing and data reconstruction in the mobile device. Multiple sensor modules transmit simultaneously from several locations at different line-of-sight distance. As the CMOS IS has the ability to spatially separate the sources, a single receiver (single CMOS IS) is sufficient to receive the sensing data from all transmitters simultaneously. Finally, the received data is displayed on the display of the mobile device.
A Sensor Module With VLC Transmitter
A sensor module consists of a temperature and humidity sensor (SHT11, Sensirion Inc., USA), an indoor air quality sensor (iAQ-engine, AppliedSensor, Germany), a PIC processing unit, and a 3 Watt RGB LED (Shenzhen Fedy Technology Co., Ltd., China) with LED driver as shown in Fig. 2 . Sensors used in the transmitting module have sensing range from 40°C to 124°C for temperature, 0 to 100% RH for humidity, and 0 to 2000 ppm for the CO 2 concentration equivalent data. The sensing data are retrieved using the I2C communication protocol, and are further processed in a processing unit. The data is then encapsulated in data packet and modulated using the frequency shift keying (FSK) modulation scheme. An LED driver is used to amplify current supplied to the RGB LED while RGB LED is used to generate multiple number of mixed color lights, rather than three basic colors red, green, and blue. In other words, a balanced mixture of red color light and green color light results in yellow color light while pink color light is obtained from a balanced mixture of red color light with blue color light. The 120 radiation angle of the RGB LED emits widely spread colored light to the front target. A clearer signal can be captured by the camera IS, and the color light intensity does not change much within the camera field of view (FOV).
A Receiver Module
The camera system and the processing unit of the mobile device are the most important parts in the receiver module which is used for signal acquisition and data processing in a mobile VLC system. A high resolution image with fast frame rate can be captured using a high-end camera while high processing power can be obtained using high-end processing units. Although these factors play important roles in the receiver module, yet the cost of the mobile device is normally proportional to these factors. As the environment monitoring system is developed under conditions of low cost and low complexity wireless transmission, a mid-range tablet PC (Samsung Galaxy Note 10.1, Korea) with a 5-Megapixel CMOS camera and 561 FOV is selected as a receiver without the need of external device to be attached to the receiver. In a mobile camera sensor-based VLC system, the data signal is captured using the camera, and the frame rate of the camera system is equal to the sampling rate of the system. Image size of 768 × 512 is used rather than using the full resolution of camera because high resolution is not necessary and is redundant. High resolution with more pixels could also slow down the processing speed and frame rate of the camera. The frame rate of the camera in a mobile device is highly dependent on the CMOS sensor exposure time, image readout time, image processing time, and random delay. The frame rate of the camera is inversely proportional to the summation time of these factors. The CMOS sensor exposure time can be set at a constant while the image readout time and the image processing time are consistent. The random delay is the main cause of inconsistency of frame rate and it is caused by the operating system and the background processes that have high priority in the system. According to the Nyquist-Shannon sampling theorem, the sampling rate of the system must be greater than or equal to two times the data rate in order to achieve reliable and accurate data [11] . Thus, due to the limitation of the available smartphone camera frame rates (sampling rate, which is around 30 Hz), we determine our data rate by dividing the sampling rate by 4, with the consideration of data redundancy to reduce the error rate, and to overcome the inconsistency due to the random delay from the Android processing system.
Communication Protocol and Software Design for Mobile Monitoring

Data Packet Structure
The data packet used in the proposed VLC system is composed of 8 bits header, 8 bits temperature data, 8 bits humidity data, 12 bits CO 2 concentration data, 1 bit parity bit and 2 end bits. A parity bit is added for bit error detection which may be caused by blockage of obstacles, data miss, or delay in the system. As asynchronous transmission is implemented in the VLC wireless transmission system, a header byte and two end bits are used for synchronization in the receiver system. A header byte is used as an indicator for the start of the packet, while the end bits are used as indicator for the end of each packet. After a header is identified, the following data will be 28 bits payload and 1 parity bit.
Mobile Camera Sensor-Based VLC
In the proposed mobile camera sensor-based VLC communication system, the data is modulated by the FSK modulation scheme in which the data is modulated onto the carrier frequency by varying the frequency of the carrier frequency. The carrier frequency in the VLC system are represented by light beam, different colors of light beam which have different frequency are used to represent different data. The data are modulated onto the light beam by varying the color of light and transmitted using the RGB LED in the transmitter. In the receiver, the CMOS camera IS is used for signal detection rather than typical PD sensor. Utilization of the CMOS IS in a mobile camera as a PD can increase the transmission distance in the VLC system, and allow multichannel transmission by using a 2-D array of PD within the CMOS IS. The image stream is captured using the CMOS camera and the Hue-Saturation-Value (HSV) of the color light signal is extracted from every image in the image stream. The extracted color information is demodulated back into binary data using a lookup table. The data packet is searched from data string, the sensor data is extracted from the data packet, and the parity bit is checked. The data with correct parity are accepted and displayed while data with error parity will be discarded. In the proposed system, a CMOS camera is used as a receiver for capturing the light signal. However, the background and ambient light from various light sources are also included in the images in addition to the light signal. Hence, the colored light signal must be cropped out from every image. A square shape detection area which bounds the colored light signal is selected manually by the user from the display of the mobile device. The HSV value is extracted from the detection area and the HSV value of the detection area is calculated using
where n is the width of the detection area and m is the height of the detection area. The size of the colored light signal in the image can be varied with the consideration of the distance between the transmitter and the camera. In Fig. 3 , the hue values are extracted from different detection areas at fixed distance of 2m between the LED light source transmitter and the camera IS. Large differences of hue values between each color are obtained when a proper size is selected. As the size of the detection area increases, the ratio of the signal radiation area to the background increases. A large background area included within the detection area causes the variations in the hue values of the LED image decreased. The large variation in the hue value of the LED image is averaged by the constant hue value of the large background. When the size of the detection area is decreased, partial of signal radiation area is excluded and the variation in the hue value of the LED image decreases. As shown in the result, a detection area of 30 pixel 2 in Fig. 3(b) is the most suitable area for color detection. The hue differences between each color in the 30 pixel 2 detection area are 21, 59, 67, and 42, and are the highest among other size of detection area. However, detection areas with sizes ranging from 25 pixel 2 to 50 pixel 2 are usable, as the differences in the hue values between each color are sufficient for color classification. The 55 pixel 2 detection area is not usable as the differences in the hue values between each color are small and insufficient for accurate classification. The difference between blue and pink is only 7. Small differences between each color may lead to misclassification in the classification algorithm. Misclassification of color by the system may cause data loss or error in data reconstruction.
Data Rate and Synchronization
As mentioned before, due to the limitation of the frame rate of the camera and the Nyquist-Shannon sampling theorem for the minimum sampling rate, increment of the bit representation of a symbol is proposed in this system to increase the data rate further. In the proposed system, the bit representation of a symbol uses four colors with different frequencies. Red, yellow, green, and blue colors are used for data mapping, with each color carrier frequency are 480 THz, 521 THz, 571 THz, and 645 THz, respectively and each color represents 2 bits of data. One additional color, pink, is the reference signal which is used for signal synchronization in the receiver. After the data packet is constructed in the sensor module, it is split into 20 small packets containing 2 bits each. Then, each packet is modulated to the corresponding color based on the lookup table, and the reference signal is added in front of each packet. RGB LED is used to emit the modulated colored light signals in sequence. During data reconstruction, the reference signal is used as an indicator of the next new data as every new data is led by a reference signal. By utilizing one of the LED in the LED array, the reference signal is emitted as an indicator for selecting an appropriate frame in order to avoid repetition of the data collected caused by inconsistencies of camera frame rate [23] . Although the error is compensated, yet the extra LED not only increases the size of the transmitter but also limits the transmission distance because of perspective distortion of the camera over long distance. Three-channel transmission using a digital single-lens reflex (DSLR) camera and RGB LED is also proposed [26] . Error is minimized by using a DSLR camera with a highly consistent frame rate, and an offline data processing method is implemented. However, the error is not eliminated and is accumulated despite the fact that the error is being suppressed. In the proposed method, the reference signal is implemented by the colored light beam emitted using a single RGB LED. A self-clocking signal is transmitted using a combination of the reference signal and data signal. Hence, time is no longer critical in data reception. The proposed method not only has the same functionality in error compensation, the necessity of data-rate synchronization has also been eliminated with the self-clocking signal.
ASHREA Standard
A healthy and comfortable environment is the main concern of the indoor-environment monitoring systems in this study. Therefore, three factors temperature, relative humidity, and air quality are selected as the parameters to be monitored. Temperature and humidity are two important factors in the seven major determinants of the thermal comfort of an indoor environment [27] . If the environment temperature is not properly monitored, the human body will be unable to adapt to the environment temperature which might result in heat strokes or freezing to death. High relative humidity in the environment can lead to microbial growth due to the likelihood of condition needed for the growth of microbial, while low relative humidity can cause skin dryness, irritation of the mucus membranes, and dryness of eyes. Other than the thermal conditions, air quality is the most important factor in human life support. Bad air quality can cause serious adverse effects in humans. Therefore, the level of volatile organic compounds (VOCs) in air is measured, and converted into CO 2 concentration equivalent prediction data which can also be used as an indicator of the indoor environment air quality. Although CO 2 is harmless to humans, it might cause suffocation when its concentration of CO 2 rises to a deleterious level owing to bad ventilation systems or high occupancy within an enclosed space. In this system, the ASHREA Standard 55-2013 [28] , Thermal Environmental Conditions for Human Occupancy and ASHREA Standard 62.1-2013 [29] , Ventilation for Acceptable Indoor Air Quality are used as references. An indoor environment temperature in the range between 19.4°C and 27.8°C is considered comfortable by 80% or more of the test subjects. The environment humidity level recommended is 65% or lower. The CO 2 concentration below 700 ppm in the indoor environment is considered as a good level while the range between 700 ppm and 1000 ppm is considered as acceptable level. CO 2 concentrations above 1000 ppm can cause humans to feel drowsy and CO 2 concentrations above 2500 ppm can caused adverse health effects in humans. The alarm warning system becomes operational if the reading goes out of this range for 1 minute.
Experimental Setup
Environment Monitoring From Multiple Locations in Indoor Area
The proposed environment monitoring system is set up in an office environment within a space of 8.8 m (length) × 7.3 m (width) × 3 m (height) as shown in Fig. 4 for the feasibility test. Two sensor modules with separate VLC transmitters are located at different indoor locations and a mobile device with a CMOS camera is used as the signal receiver in the test system. The RGB LEDs and the camera of the mobile device are in the LOS of each other without any obstacles between them. The LEDs are located within the FOV of the camera of the mobile device. The first LED module with sensors is located at one end of the office at a transmission distance of 7.8 m, 4 to the left of the center of the camera. The second LED module with sensors is located at the center of the office at a transmission distance of 4.2 m, 7 to the right of the center of the camera. All devices are located at a height above 2 m to avoid obstruction cause by humans. The environment sensing data from the sensor module is transmitted to a mobile camera at a data rate of 8 bit/s. The average light intensity in the office environment is 471.6 lux. The user interface for the system is shown in Fig. 4 . It consists of four sections a camera view for displaying the captured images, a HSV display section, sensor data display section, and a control panel. The camera view is used to display the captured moving images from the test areas where the RGB LEDs of the sensing modules are located, while the HSV display section shows the HSV value for every color in each channel. As the processing power consumption increases linearly with the number of data transmission channels, in the designed user interface, the maximum number of simultaneous data transmission channels is limited to six (from the six sensing modules) in order to maintain reliable transmission. However, we only tested two channel environment monitoring with the two sensing modules at different locations. Temperature, humidity, and CO 2 concentration equivalent data were shown on the data display section, and the control panel was used for channel selection, data recording, and resetting. A short exposure period was set in order to achieve a high frame rate. Thus, the captured image was underexposed owing to the high frame rate. Fig. 5 shows the two sets of hue values calculated from two data signals in a single image captured by the camera. The five different hue levels in each set of data are five different demodulated colors from the captured image. Classification is carried out based on the characteristics of the pure color values in the HSV color representation. The lowest hue level is red, followed by yellow, green, blue, and pink in the ascending order. Nonetheless, the two sensor modules implemented the same color representations, and different reference values for each color were set for the two sets of received data. Differences in the transmission distance, angle of light radiation, environment light intensity, and background color of sensor module locations caused the differences in the hue values of the demodulated colors. In spite of these differences, the two sets of data can still be classified into the corresponding colors correctly as shown in the Fig. 5 . There are a few points indicated by the red circle which fall between two color levels, slightly higher or slightly lower than any color level are error data. These error data only occur once during the color transition of the LED. These error data are collected owing to the high ratio between the exposure time of the camera and the LED transition time. The LED transition time is extremely short compared to the exposure time of the camera. During the exposure period of a single frame, the CMOS sensor continuously collects light information from the LED. If the LED changes from one color to another color during the exposure period of the camera, part of the previous light information is collected and the other part will be the current light information. Therefore, the information collected by the CMOS sensor is the combination of two colors. Random data are collected and they depend on the ratio of the two color information collected. As the frame rate is four times faster than the data rate, four frames are captured during a single bit period. Using the redundant data, a de-bouncing algorithm is used to cancel out all single point which are not continuously detected to minimize the error rate in the system.
Results and Discussion
Indoor Environment Monitoring
For the validation of our proposed indoor environment monitoring system, we monitored the environment data received from two sensor modules at two different locations in an office for 24 hours as shown in Fig. 6 . In the tests, as no one was present in the office during Saturday morning between 5 am and 2 pm and Sunday night between 2 am and 5 am, the CO 2 concentrations in the two areas were maintained at a healthy level even though the windows and doors were closed. During Saturday afternoon, five persons came to the office. The CO 2 concentration increased rapidly to an unhealthy level. The data from the sensor module #2 showed a higher value, 1600 ppm, as more people were gathered in this area compared to the other area. At 3 pm, the CO 2 concentrations of both locations decreased gradually as the windows were opened. The CO 2 concentration was maintained at an acceptable level of 800 ppm from 4 pm to 2 am. The temperature within the office was maintained at 26 ± 1°C at sensor module #1s location, and at 25 ± 1°C at sensor module #2s location. The humidity at both locations was high during the period between 5 am and 3 pm due to rain, and dropped slowly to below 30% RH after the rain stopped.
The transmission error rate in the proposed mobile VLC system was measured by the transmission of a set of dummy data at different transmission distances from 1 m to 12 m, as shown in Fig. 7 . The packet error rate (PER) calculation includes error data and data loss. Lower packet error rates were observed for transmission distances less than 7 m. This is because a much clearer and sufficiently large data signal can be captured within 7 m. The LED light signal becomes smaller as the transmission distance increases; this causes a weak and small LED signal to be captured. The increasing possibility of information loss causes incorrect data to be demodulated or data to be lost. Hence, the PER increases at transmission distances beyond 7 m, and the average PER is 5.29% at the maximum distance of transmission, that is, 12 m. Moreover, using proposed FSK scheme we able to achive a higher data rate (four times) with a lower error rate in the distance less than 10 m compare to the results of our previous OOK method reported in [24] . Yet, we can extend the transmission distance with lower data loss by using a high power LED lighting device with a large radiation angle or external camera zoom lenses, which able to reflect the light power over long distances. The transmission distance may also be increased by using a high resolution IS, which can provide more pixels within a single image.
Conclusion
Majority of the people spend more than 90% of their time staying in indoor environments. These indoor environments can change without the humans being aware of these changes, which may cause various health problems. Therefore, long term real-time hazardless environment monitoring systems are essential to maintain a healthy environment. A long range EMI-free mobile camera sensor-based environment monitoring system with VLC technology was developed and applied for the low complexity multi-location indoor environment monitoring. Multiple indoor environment data were monitored wirelessly, continuously, and simultaneously using a single mobile device. A reliable multiple input VLC transmission with low PER was achieved for transmission distances in the range from 1 m to 12 m. The developed system can be applied to monitor indoor environments in areas inhabited by people with weak immune systems such as patients, elderly people, babies, or children, to prevent long term exposure to RF waves. It also supports the possibility of implementing wireless environment monitoring systems in RF-sensitive areas such as hospitals with high precision instruments, residential-care facilities for the elderly, aircrafts, spaceships, etc.
